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Bone morphogenetic proteins (BMPs) play essential roles in many aspects of developmental biology. We have previously shown that
Bmp7, Bmp8a, and Bmp8b of the 60A class of Bmp genes have additive effects in spermatogenesis and in maintaining the epididymal
integrity of the caput and caudal regions. Here we report that Bmp4 of the Dpp class has a unique expression pattern in the developing testis
and epididymis. Bmp4 heterozygous males on a largely C57BL/6 background show compromised fertility due to degeneration of germ cells,
reduced sperm counts, and decreased sperm motility. More interestingly, some of these males show extensive degeneration of the epididymal
epithelium in the corpus region, rather than in the caput and cauda regions as for Bmp7 and Bmp8 mutants. Thus, these genetic data reveal a
region-specific requirement of different classes of BMPs for epididymal epithelium to survive and have significant implications on male
reproductive health and perhaps birth control.
D 2004 Elsevier Inc. All rights reserved.
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Spermatogenesis is a unique and complex developmental
process. In the mouse, spermatogenesis starts almost
immediately after birth as the resumption of male germ cell
proliferation and subsequent differentiation occurs (McCar-
rey, 1993). Murine spermatogenesis is divided into two
developmental phases: the initiation (before 6 weeks of age)
and the maintenance (after 6 weeks of age) (McCarrey,0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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spermatogonia are committed to differentiation and give rise
to type A and B spermatogonia, which in turn differentiate
into primary spermatocytes by day 10. Primary spermato-
cytes differentiate into spermatids after two rounds of
meiotic division by 3 weeks after birth. It takes two more
weeks for a spermatid to further mature to spermatozoa.
During the first wave (initiation) of spermatogenesis, a
steady cycling state of the seminiferous epithelium is
established. Based on strict germ cell association within
the tubule (spermatogonia, spermatocytes, and spermatids),
the murine seminiferous epithelium is arbitrarily divided
into 12 stages (Russell et al., 1990).
Cell–cell interactions (germ cell–somatic cell interaction
and germ cell–germ cell interaction) are critical for the276 (2004) 158–171
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Garbers, 2002). Growth factors have been implicated as
mediators of such interactions in a paracrine manner. For
example, the Sertoli cell-produced Steel factor acts to
maintain the survival of differentiating type A spermatogo-
nia through the c-kit receptor (Yoshinaga et al., 1991).
Inactivation of the mouse Desert hedgehog, which is also
expressed in Sertoli cells, leads to germ cell degeneration
(Bitgood et al., 1996). The dosage of Sertoli cell-derived
GDNF is essential to balance the proliferation and differ-
entiation of spermatogonia (Meng et al., 2000).
Spermatozoa released from the testis do not have the
ability to fertilize an egg and have to undergo further
maturation in the epididymis. The epididymis is a multi-
functional male accessory organ containing a highly
convoluted tubule bridging the testis and the vas deferens.
Based on the position and gross morphology, the single
epididymal tubule is divided into four major regions: initial
segment, caput, corpus, and cauda. Each region has its
distinct functions and expresses specific proteins (Danzo et
al., 1977; Hinton et al., 1998; Kirchhoff, 1999). It has also
been known that testis-derived factors traveling within the
testicular fluid as lumicrine factors regulate the functions of
the epididymis. For example, ligation of efferent duct can
cause morphological changes in the initial segment due to
increased cell death and can also alter gene expression and
protein synthesis in the epididymis (Cornwall and Hsia,
1997; Cornwall et al., 1992; Danzo et al., 1977; Hinton et
al., 1998; Holland et al., 1992; Lan et al., 1997; Robaire and
Fan, 1998; Suzuki et al., 1996; Vernet et al., 1997; Winer
and Wolgemuth, 1995). Despite these findings, only limited
information is known about testicular factors that affect the
functions and gene expression of the epididymis (Han et al.,
1993; Lan et al., 1998; Schteingart et al., 1989). We
previously reported that the strictly germ cell-derived
BMP8B affected the integrity of the epididymis in the
distal caput and cauda regions, indicating that bone
morphogenetic proteins (BMPs) are one class of lumicrine
factors from the testis to the epididymis (Zhao et al., 1998).
BMPs are members of the transforming growth factor h
(TGFh) superfamily that contains several structurally
related but functionally diverse polypeptides. These
include the TGFhs, Activins/Inhibins, Nodal, MIS, and
BMPs. More than 20 BMP members have been identified
in species ranging from C. elegans to humans (Dube et al.,
1998; Gamer et al., 1999; Hino et al., 1996; Hogan, 1996;
Paralkar et al., 1998; Ren et al., 1996; Schackwitz et al.,
1996). They play crucial roles during embryogenesis and
in numerous aspects of organogenesis by regulating cell
proliferation, cell differentiation, cell death, and cell fate
(Hogan, 1996; Zhao, 2003). Based on their sequence
homology, BMPs are grouped into several classes. The
DPP class (BMP2, BMP4, and DPP) is at one end of the
spectrum followed by the 60A class (BMP5–8 and 60A)
and with a continuous sequence drift toward the Activins/
Inhibins and the TGFh at the other (Zhao, 2003). Thus, itis technically difficult to set a clear border between the
BMP family and the TGFh family.
The TGFh superfamily members function as homo-
dimers or heterodimers by binding to heteromeric receptor
complexes that contain type I and type II serine–threonine
kinase receptors. Both receptor types are essential for signal
transduction (Hogan, 1996; Nellen et al., 1994; Ruberte et
al., 1995; ten Dijke et al., 1996; Weis-Garcia and Massague,
1996; Wrana et al., 1992, 1994). Type II receptors possess
constitutively active kinase activity that phosphorylates type
I receptors upon ligand–receptor complex formation. Phos-
phorylated type I receptors transduce the signal to down-
stream target proteins such as the SMADs. Several putative
receptors for BMPs have been identified, including ALK1,
ALK2, ALK3, ALK6, BMPRII (TALK), ActRIIA, and
ActRIIB (Chen and Massague, 1999; Dewulf et al., 1995;
Gu et al., 1999; Heldin et al., 1997; Hoodless et al., 1996;
Kawabata et al., 1995; Liu et al., 1995; Mishina et al., 1995,
1999; Suzuki et al., 1994; ten Dijke et al., 1996; Yamashita
et al., 1995).
Bmp4 appears to be the most widely expressed Bmp
gene during mouse embryogenesis and in adults. Most
Bmp4 homozygous mutants die during early gastrulation
with defects in mesoderm and germ cell formation (Law-
son et al., 1999; Winnier et al., 1995; Ying et al., 2000). A
few survive to neurula and forelimb-bud stage but have
defects in the heart, central nervous system, and posterior
mesoderm in addition to the lack of germ cells. Bmp2,
another member of the vertebrate Dpp class, shares a very
high sequence identity with Bmp4 (N90% at the amino acid
level). Bmp2 is required for the development of amnion and
heart, and it also plays a role in germ cell fate specification
(Ying and Zhao, 2001; Zhang and Bradley, 1996). Bmp2
and Bmp4 are functionally interchangeable in most systems
tested. Thus, the difference between Bmp2 and Bmp4
mutants is likely due to their different expression patterns
during embryogenesis.
Among the known 60A class members, Bmp7, Bmp8a,
and Bmp8b are expressed in male germ cells (Zhao et al.,
1996, 1998, 2001). In addition, Bmp7 and Bmp8a are also
expressed in the epididymis (Chen et al., 1999; Zhao et al.,
1998). Targeted inactivation of these genes has revealed that
all three genes play roles in spermatogenesis and in
maintaining epididymal integrity. Furthermore, because they
have additive or compensatory effects in these two systems,
it strongly indicates that these closely related proteins bind
and signal through the same or similar receptor complexes.
In an effort to further investigate the functions of BMPs
in male reproduction and gametogenesis, we screened the
expression of several other known Bmp genes and found
that Bmp4 is also expressed in the testis with a distinct
pattern. Before 2 weeks of age, Bmp4 expression is
detectable at low levels in the testes except in the rete testis
region that shows high levels of expression. However, high
levels of Bmp4 expression are detected in pachytene
spermatocytes as these cells appear in the testis after 2
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the epididymis throughout development.
Because Bmp4 homozygous mutants die during embryo-
genesis, we relied on heterozygotes to investigate its role in
spermatogenesis and the epididymis. Bmp4 heterozygous
and wild-type control males on a mixed genetic back-
ground (129/SvEv  Swiss Black) did not show obvious
differences with respect to fertility, testis weights and
histology, and the histology of the epididymis. Never-
theless, Bmp4+/ males on a largely C57BL/6 background
showed compromised fertility, reduced sperm counts,
reduced sperm motility, and degeneration of meiotic germ
cells and the epididymal epithelium. Interestingly, the
epididymal defects of Bmp4+/ mutants are restricted to
the corpus region, which is in sharp contrast to the
epididymal phenotypes of Bmp7 and Bmp8 mutants that
exhibit defects in the distal caput and cauda. Therefore,
these data further suggest that DPP and 60A classes of
BMPs function differently in vivo, likely through distinct
receptor complexes.Materials and methods
Laboratory mice
Laboratory mice were maintained with a 12-h light–dark
cycle. Bmp4 mutants were generated as previously
described and maintained on a mixed genetic background
(129/SvEv  Swiss Black). For the analysis on the mixed
genetic background, mice were mostly housed in the animal
facility at University of Missouri-Columbia. Bmp4 mutants
on a largely C57BL/6 background were housed in the
animal facilities at University of Missouri-Columbia, the
University of Texas Southwestern Medical Center, and
National Institute of Environmental Health Sciences. To
generate Bmp4+/ mutants on a largely C57BL/6 back-
ground, Bmp4 heterozygotes on the mixed genetic back-
ground were backcrossed to C57BL/6 mice for 4–6
generations.
In situ hybridization
In situ hybridization was performed essentially as
previously described (Chen et al., 1999; Zhao and Hogan,
1996, 1997; Zhao et al., 2001). Testes, epididymides, or
kidneys were dissected out at different ages, rinsed with
phosphate-buffered saline (PBS), and then fixed in 4%
paraformaldehyde-PBS at 48C for 12–20 h. Paraffin-
embedded testes were sectioned at 7 Am and mounted onto
superfrost plus slides. After deparaffinization by two
changes of xylenes and rehydration in a series of decreasing
concentrations of ethanol, sections were treated with
proteinase K for 8 min at room temperature in 50 mM
Tris–HCl and 5 mM EDTA (pH 7.8) to facilitate probe
penetration. Hybridization was carried out at 63–658C for16–20 h with hybridization mixture containing S35-labeled
RNA probes against the full-length mouse Bmp4 mRNA as
previously reported (Furuta and Hogan, 1998; Winnier et
al., 1995; Ying and Zhao, 2001; Ying et al., 2000). Two
high-stringency washes were performed at 658C in 50%
formamide/double strength SSC (0.3 M sodium chloride/
0.03 M sodium citrate) for 30 min each. Following
hybridization and washes, slides were dipped in NBT-2
emulsion (diluted with equal volume of water), air-dried
overnight, and exposed at 48C for 14 days. After exposure,
slides were developed, stained with Mayer’s hematoxylin,
mounted with Permount medium, and then photographed.
Tissue collection and histological analysis
Testes and epididymides were dissected out of the
mutants and wild-type controls at different ages. Both testes
for each mouse were weighed to obtain an average.
Collected tissues were immediately fixed in Bouin’s fixative
for 12–20 h, dehydrated, embedded in paraffin, and then
sectioned at 5–10 Am. For most cases, the whole testis or
epididymis was sectioned and only one-fifth to one-third of
the sections sampled throughout the whole organ were
mounted onto slides for hematoxylin–eosin or PAS staining
and subjected to histological examination. Representative
sections were photographed.
Fertility tests
To test the reproductive performance of Bmp4 mutant
males on different genetic backgrounds, each male (2
months of age) was caged with three wild-type females on
a mixed background (129SvEv  Swiss Black) for a period
of 3 months and scored for the number of litters and the
number of pups per litter.
Sperm counts
Both epididymides were collected from each mouse and
placed in 1 ml of a modified Kreb–Ringers medium (Quill et
al., 2003; Wang et al., 2003). Four incisions were cut at the
cauda and gentle pressure was applied with forceps to
release the sperm. The epididymal tissues and sperm cells
were allowed to sit in tissue culture incubator at 378C under
5% CO2/95% air for 10 min before the epididymides were
removed. Sperm cells were further diluted 10 times with
water and then an equal volume of noncapacitated medium
(minus BSA) was added to 20-Al aliquots. Finally, the sperm
cells were counted using a hematocytometer to determine
cell concentrations.
Sperm cell motility analysis
Spermatozoa released from the epididymides into the
modified Kreb–Ringers medium were further diluted in the
same medium. The IVOS Sperm Analyzer (Version 12,
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motility analyses and images of sperm cell tracks were
captured in an 80-Am chamber for 0.5 s at 60 Hz. Collected
parameters include percentage of motile sperm cells, path
velocity (the distance traveled along a smoothed average
path divided by the elapsed time), linear velocity (the
straight-line distance from the initial and the final positions
of the sperm head divided by the elapsed time), and track
velocity (the total distance traveled by the sperm head from
image to image divided by the elapse time). For each
sample, 40 sperm tracks were selected that exhibited
unimpeded motion and could be tracked accurately over
the entire 0.5-s recording period (Quill et al., 2003; Wang et
al., 2003).
RT-PCR
Total RNAs were purified from freshly dissected whole
testes at different developmental stages and first strand
cDNAs were synthesized using oligo-d(T) as primers.
Normalization was achieved with Hprt PCR. Bmp4 RT-
PCR was carried out to compare the relative levels of
expression at different developmental stages. Primer
sequences for Hprt and Bmp4, and detailed procedures
were essentially as described (Qi et al., 2004).
Statistical analysis
Student’s t test was used to compare testis weights, male
fertility, sperm cell counts, and sperm motility (path
velocity, linear velocity, and track velocity) between
mutants and wild-type controls.Results
Developmental expression of Bmp4 in postnatal testes
Bmp8a and Bmp8b are expressed in male germ cells in a
bimodal manner, low levels in spermatogonia and sperma-
tocytes before puberty, and high levels in step 6–8 round
spermatids as they appear after 3.5 weeks of age. Targeted
inactivation of either results in germ cell degeneration.
However, germ cell degeneration in these mutants is
incomplete and some mutants even show normal spermato-
genesis, presumably due to reciprocal compensation or
compensation by other BMPs. Therefore, in situ hybrid-
ization was performed on testis sections with RNA probes
against several related Bmp genes including Bmp2, Bmp4,
Bmp5, and Bmp6. As shown in Fig. 1, Bmp4 expression
was detected slightly above background levels in newborn
or 1-week-old testes except in the rete testis area where high
levels were detected. Interestingly, the levels of Bmp4
expression increased significantly in some seminiferous
tubules at 2 weeks of age (Figs. 1E and F), a stage that
pachytene spermatocytes just formed (McCarrey, 1993).This expression pattern is unique among all Bmp genes
reported so far in the testis.
As the mice develop to 3 weeks of age, almost all
seminiferous tubules exhibited high levels of Bmp4 expres-
sion (Figs. 2A and B). However, in a testis of a 3-week-old
Bmp8b/ mutant male, the germ cell-free tubules only
had low levels of Bmp4 expression, comparable to those of
the epididymis (Figs. 2C and D). However, Bmp4 expres-
sion in germ cell-containing tubules somehow resembled
that of a 2-week-old testis of the wild-type male (comparing
Figs. 1E and F with Figs. 2C and D), indicating a delayed
testicular development in Bmp8b/ mutants, which is
consistent with previous findings (Zhao et al., 1996). Bmp4
expression patterns in testes of 5-week-old and adult mice
were essentially identical, exhibiting high levels of expres-
sion in all seminiferous tubules (Figs. 2E and F). As further
shown in Fig. 3, high-power magnification revealed that
high-density silver grains were associated with pachytene
spermatocytes (C and F). However, low-density silver
grains were diffusely distributed, indicating low levels of
Bmp4 expression in other cell types including Sertoli cells.
The Sertoli cell expression was further implicated in germ
cell-free tubules of a Bmp8b/ testis (Figs. 2C and D).
The expression of Bmp4 in the testes of different devel-
opmental stages was confirmed by RT-PCR. The level of
expression is slightly higher at 2 weeks of age than other
stages tested (Fig. 3G).
Bmp4 is expressed in the epididymis throughout postnatal
development
The expression of Bmp7 in the mouse epididymis is
developmentally regulated. Before 5 weeks of age, Bmp7
transcripts are detected throughout the epididymal epithe-
lium; after 5 weeks of age, its expression is restricted to the
initial segment and the cauda (Chen et al., 1999). Bmp8a is
expressed in a pattern similar to that of Bmp7, but at
relatively low levels (Zhao et al., 1998). As shown in Figs. 1
and 2, Bmp4 expression is detected in the epididymis
throughout postnatal development. Before 2 weeks of age,
Bmp4 expression levels appear higher in the epididymis
than in the testis (Figs. 1A–D). However, after 2 weeks of
age, as pachytene spermatocytes are formed within semi-
niferous tubules, Bmp4 expression levels are higher in
seminiferous tubules than in the epididymis (comparing
Figs. 1A–D with Figs. 1E–F and 2A–B).
Compromised fertility for Bmp4 heterozygotes on a largely
C57BL/6 background
Because Bmp4 homozygous mutants die during embryo-
genesis (Winnier et al., 1995), we decided to use hetero-
zygotes to genetically analyze whether Bmp4 plays a role in
male reproduction. The initial analysis was conducted on a
mixed genetic background (129/SvEv  Swiss Black). On
this background, both Bmp4 heterozygotes and wild-type
Fig. 1. Detection of Bmp4 expression in the mouse testis and epididymis from newborn to 2 weeks of age by in situ hybridization. Testes and epididymides
were embedded in paraplast, sectioned at 7 Am, and processed for in situ hybridization with S35-labeled antisense RNA probes against Bmp4 mRNA or sense
control RNA probes. (A and B) Bright- and dark-field photomicrographs of newborn testis (te) and epididymis (ep) showing that Bmp4-specific hybridization
is detected in the epididymis and rete testis (arrow). (C and D) Bright- and dark-field photomicrographs of 1-week-old testis, epididymis, and vas deferens (va)
showing that Bmp4 is expressed in the epididymis, rete testis (arrow), and vas deferens (va). (E and F) Bright- and dark-field photomicrographs showing that
Bmp4 is expressed at high levels in the seminiferous tubules of a 2-week-old testis and epididymis. (G and H) Bright- and dark-field photomicrographs of a
2-week-old testis and epididymis showing background hybridization with sense control probes. Scale bar = 500 Am.
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Fertility tests by caging one male with three wild-type
females for 3 months revealed that Bmp4+/ mutants (n = 9)
and wild-type controls (n = 8) gave rise to comparable litter
numbers (8.2 F 1.8 litters/male for Bmp4+/ mutants and
9.2 F 1.9 litters/male for wild-type controls; P = 0.3) and
litter sizes (6.6 F 2.2 pups/litter for Bmp4+/ mutants and
6.5 F 1.9 pups/litter for wild-type control; P = 0.77). At 13
weeks of age, the testis weights of Bmp4+/ mutants
(101.5 F 9.1 mg, n = 10) and wild-type control group(102 F 12 mg, n = 11) were similar (P = 0.92). Histological
examination did not reveal significant differences between
these two genotypes at several stages of development (data
not shown).
Bmp4, Bmp7, and Bmp8b heterozygotes revealed a
haploid insufficiency on a largely C57BL/6 background
(Dunn et al., 1997; Lawson et al., 1999; Ying et al., 2000),
suggesting that it was possible to expose the role of Bmp4 in
male fertility by backcrossing the mutants into C57BL/6
background. During the course of backcrossing, we realized
Fig. 2. Detection of Bmp4 expression in the mouse testes and epididymides at 3 and 5 weeks of age. (A and B) Bright- and dark-field photomicrographs of a
testis (te) and an epididymis (ep) of a 3-week-old mouse showing that Bmp4 hybridization signals were at high levels in almost all seminiferous tubules of the
testis and at low levels in the epididymis. (C and D) Bright- and dark-field photomicrographs of a testis and an epididymis from a 3-week-old Bmp8b/ male.
Right to the line are the seminiferous tubules that lack spermatogenesis. Only low levels of Bmp4 expression were in Sertoli cell-only seminiferous tubules,
which were comparable to the levels in the epididymis. Although the rest of the seminiferous tubules contained germ cells, their development appeared delayed
for about a week as previously shown (Zhao et al., 1996). Thus, the Bmp4 expression pattern in the germ cell containing tubules resembles that of a 2-week-old
testis in Figs. 1E and F. (E and F) Bright- and dark-field photomicrographs showing that Bmp4-specific hybridization is at high levels in the seminiferous
tubules of the testis and at low levels in the epididymis of a 5-week-old mouse. Scale bar = 500 Am.
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to sire after being caged with several wild-type C57BL/6
females for more than 3 months, indicating a fertility defect.
Second, fewer Bmp4 heterozygotes could be obtained at
weaning regardless whether Bmp4+/ males or females
were used for mating. In some litters, only wild-type pups
were found. These observations confirmed the previous
report that some Bmp4 heterozygous mutants on C57BL/6
background died before weaning (Dunn et al., 1997). These
problems were eventually solved to a large extent with
increased mating numbers and prolonged matings. How-
ever, it did take a long time to obtain sufficient number of
mice to carry out further studies.
To further analyze the potential fertility defects of
Bmp4+/ males, mating tests were conducted. Seven
Bmp4+/ males and nine wild-type littermates at N4
generation were used for mating tests. Each male was caged
with three wild-type females on an outbred background (129/SvEv  Swiss Black) for a period of 3 months. Three of the
mating cages in the Bmp4+/ group did not result in any
pregnancy. Two of the matings resulted in two litters of 2–3
pubs/litter; one mating cage had four litters of 3–7 pubs/litter,
while the other one had five litters of 4–8 pubs/litter.
Subsequently, the fertile Bmp4+/ males were used to mate
with C57BL/6 females to generate mutants of N5 generation.
However, all males of the wild-type control group success-
fully sired with litter sizes 4–9 pubs/litter; two males had
three litters while the others had 4–5 litters. Thus, the mating
tests further confirmed the original observation that some
Bmp4+/ males were either infertile (3/7) or subfertile (2/7).
Bmp4+/ mutants on C57BL/6 background show reduced
sperm counts and motility
To investigate the cause of compromised fertility of
Bmp4+/ males, we conducted sperm count and motility
Fig. 3. Comparison of Bmp4 expression in mouse testes of 2 and 10 weeks of age by in situ hybridization at high magnifications and Bmp4 expression levels in
testes at different stages by RT-PCR. (A) A dark-field photomicrograph showing Bmp4 expression in testis section of a 2-week-old mouse. As shown in Fig.
1F, high levels of expression are readily observed in some seminiferous tubules (arrow). (B) A bright-field photomicrograph corresponding to A showing testis
histology. (C) High-power magnification of two adjacent seminiferous tubules from a section similar to B showing that high-density silver grains are associated
with pachytene spermatocytes (big arrowhead). Sections were stained with hematoxylin, so only nuclei are shown. (D) A dark-field photomicrograph of a
section containing both testis and kidney of a 10-week-old mouse showing high-level hybridization signals of Bmp4 in seminiferous tubules, but not in kidney
(right half of the photograph). (E) Corresponding bright-field microphotograph of D showing testis and kidney histology. (F) High-power magnification of a
section similar to E showing high-density silver grains associated with pachytene spermatocytes. (G) RT-PCR to detect relative levels of Bmp4 expression in
testes at 1, 2, 3, and 7 weeks of age. Hprt RT-PCR was used for normalization. The level of Bmp4 transcripts was slightly higher at 2 weeks of age than other
stages. Scale bar = 240 AM in A, B, D, and E; 20 AM in C and F.
J. Hu et al. / Developmental Biology 276 (2004) 158–171164analyses using mice of N5–6 generations. As shown in
Table 1, the total sperm counts for wild-type controls range
from 1.32 to 2.06  107(1.66F 0.26  107, n = 5); while in
Bmp4+/ group, the total sperm counts range from 2.98 
106 to 1.51  107 (0.85 F 0.59  107, n = 6). The
difference between the two groups is rather significant (P =
0.019), suggesting a defect in sperm production by the
Bmp4+/ mutant group.
To analyze whether the reduced BMP4 production by the
testis and the epididymis in Bmp4+/ males affects spermfunction in addition to sperm production, sperm cell motility
assays were conducted. As shown in Fig. 4A, although the
average percentage of motile sperm cells in the Bmp4+/
group (49.8 F 10.3; n = 6) is slightly lower than that of the
wild-type group (57.8 F 12.4; n = 5), the difference is not
statistically significant (P = 0.275). To more accurately
analyze sperm cell motility, the tracks of 40 motile sperm
cells from each male were recorded using IVOS Sperm
Analyzer. Smoothed path velocity (VAP, the distance
traveled along a smoothed average path divided by the
Table 1
Total sperm counts of Bmp4+/ males and wild-type littermate controls on
a largely C57BL/6 background (N5–6 generations)
Bmp4+/+ (n = 5) Bmp4+/ (n = 6)
1.56  107 1.51  107
2.06  107 1.41  107
1.67  107 1.22  107
1.32  107 3.1  106
1.71  107 2.98  106
3.49  106
X F SEM 1.66 F 0.27  107 0.85 F 0.59  106
J. Hu et al. / Developmental Biology 276 (2004) 158–171 165elapse time), linear velocity (VSL, the straight line distance
from the initial and the final positions of the sperm head
divided by the elapse time), and track velocity (VCL, the
total distance traveled by the sperm head from image to
image divided by the elapse time) were collected and
studied. As shown in Fig. 4B, all these parameters showed
significant differences between the two groups (P = 0.011,
0.024, and 0.031, respectively), indicating that the sperm cell
motility of Bmp4+/ mutants was indeed compromised.
Bmp4 plays a role in the maintenance of spermatogenesis
The data from mating tests suggested compromised
spermatogenesis for Bmp4+/ mutants on C57BL/6 back-
ground that was further supported by sperm counts. To
pinpoint the defects in these Bmp4 mutants, we first set out
to investigate whether these mutants indeed had defects in
spermatogenesis. Due to difficulty in obtaining larger
number of Bmp4 mutants on C57BL/6 background (N4–
6), we chose to focus on two developmental stages: 4 weeks
of age (to reflect the initiation of spermatogenesis) and 12–
13 weeks of age (to reflect the maintenance of spermato-
genesis). Initial examination of testis weights at 4 weeks of
age at N4 generation did not show obvious differencesFig. 4. Motility of sperm cells of wild-type controls and Bmp4+/ males on a la
motile sperm cells from five different wild-type controls (57.8 F 12.4%; n = 5) a
IVOS Sperm Analyzer. Although control groups showed a slightly higher perce
0.274). (B) Comparison of sperm cell motility between wild type and Bmp4+/
parameters, including smoothed path velocity (VAP) (112.8 F 7.5 nM/s for wild
(VSL) (94.3 F 6.1 nM/s for wild type and 80 F 10.4 nM/s for Bmp4+/ group, P
181.4 F 11.9 nM/s for Bmp4+/ group, P = 0.031).between Bmp4+/ males (46.5 F 6.4 mg; N = 12) and
littermate wild-type controls (48 F 7.2 mg; N = 15) (P =
0.509). Moreover, the testicular and epididymal histology
failed to reveal significant differences between these two
groups, suggesting that on this particular genetic back-
ground deleting one allele of Bmp4 does not affect the early
stages of spermatogenesis.
However, when testes were collected from mice at 12–13
weeks of age (N5–6 generations were used), a significant
difference in testis weights was observed. The testis weight
of Bmp4+/ mutants (85.4 F18 mg, n = 21) was
significantly smaller than that of wild-type littermate
controls (98.2 F 11.8 mg, n = 22) (P = 0.008) (Fig. 5A).
Therefore, a function for Bmp4 in the maintenance of
spermatogenesis was revealed by this approach. Further-
more, histological analysis showed a marked increase in
meiotic germ cell degeneration in Bmp4 heterozygotes in
comparison with wild-type controls (Figs. 5B–G). Morpho-
logically, the germ cell degeneration phenotype appears
indistinguishable from those in Bmp8 and Bmp7 mutants
(Zhao et al., 1998, 2001).
To quantify differences of germ cell degeneration
between wild type and Bmp4+/ males, the percentage of
seminiferous tubules with obvious degeneration from
several nonadjacent sections of each testis was obtained.
All tubules within the selected sections were counted and
the number of counted tubules ranged from 191 to 398 for
each testis. Among the 18 wild-type testes, one-third (6/18)
did not contain any degenerated tubules and the rest only
contained a few degenerated tubules (b2.5%) for which
degeneration was generally very mild. On the contrary, 50%
(10/20) of the Bmp4+/ testes contained a larger number of
degenerated tubules and degeneration was usually severe.
Some of the testes contained degenerated tubules up to 86%
(Table 2). These results were in agreement with the fact thatrgely C57BL/6 background (N5–6) at 16 weeks of age. (A) Percentage of
nd six different Bmp4+/ males (49.8 F 10.3%; n = 6) was obtained with
ntage of motile sperm cells, no statistical significance was revealed (P =
 groups. Statistically significant differences were detected for all three
type and 96.4 F 9.4 nM/s for Bmp4+/ group, P = 0.012), linear velocity
= 0.024), and track velocity (VCL) (199.3 F 11.2 nM/s for wild type and
Fig. 5. Testis weights and representative testicular histology of Bmp4+/ mutants on a largely C57BL/6 background (N5–6 generations). (A) Comparison of
testis weights of wild type (98.2 F 11.8; n = 22) and Bmp4+/ males (85.4 F 18; n = 21) on C57BL/6 background at 12–13 weeks of age (P = 0.008). (B) A
low-power photomicrograph of a testis section of a wild-type control at 13 weeks of age showing normal testicular histology with seminiferous tubules at
different stages of spermatogenesis. (C) A low-power photomicrograph of a testis section of a Bmp4+/ mutant at 13 weeks of age showing relatively normal
seminiferous tubules (n) and degenerating seminiferous tubules of varying degrees (*). (D–E) Mid-power magnifications of representative sections of
degenerating seminiferous tubules from different Bmp4+/ mutants at 13 weeks of age. Large vacuoles and condensed nuclei of spermatocytes (arrowheads)
are present in the degenerating tubules. (F) High-power magnification of a seminiferous tubule of a Bmp4+/ mutant showing the presence of spermatozoa,
spermatogonia (small arrowheads), and leptotene or preleptotene spermatocytes (small arrows), and the absence of pachytene spermatocytes and round
spermatids. (G) High-power magnification of a seminiferous tubule of a Bmp4+/+ control showing normal complementation of germ cells at different stages.
Big arrows point to pachytene spermatocytes. Scale bar = 240 AM in B and C; 60 AM in D and E; and 30 AM in F and G.
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sperm counts (Table 1).
Bmp4 plays a role in maintaining the integrity of the
epididymis
BMPs participate in maintaining the normal integrity of
the epididymis in the adult as shown by genetic studies withBmp8a, Bmp8b, and Bmp7 mutants (Zhao et al., 1998,
2001). Bmp8a and Bmp7 have similar expression patterns in
the epithelium of the initial segment, while Bmp8b is only
expressed in the testis. Therefore, a function of Bmp8b in
the epididymis indicates that the transportation of BMPs
with the testicular fluids to the epididymis occurs and BMPs
serve as lumicrine factors to support the normal integrity of
the epididymis (Zhao et al., 1998).
Table 2
Comparison of percentage of degenerated seminiferous tubules between
Bmp4+/ and wild-type control testes on a largely C57BL/6 background
(N5–6 generations)
Percentage of
degenerated tubules
Bmp4+/+
(n = 18)
Bmp4+/
(n = 20)
0 6 0
0.1–0.9 4 3
1.0–2.5 7 5
2.6–86 0 10
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but at high levels in pachytene spermatocytes; thus, it is
possible that Bmp4 participates in maintaining the normal
integrity of the epididymis as a local factor or a lumicrine
factor. As shown in Fig. 6, little differences were detected in
epididymal epithelium of the distal caput (Figs. 6A and B)
and cauda (Figs. 6G and H) between wild-type controls and
Bmp4 mutants (at N5–6 generations). However, both regions
are the primary sites of degeneration in Bmp8a/,
Bmp8a+/;Bmp8b+/, or Bmp7+/;Bmp8a/ mutants.
Interestingly, about 55% (11/20) of Bmp4+/ mutants
showed thinning or a sawtooth-like morphology in the
epithelium of the corpus (Figs. 6D–F). In a severe case, the
degeneration was observed in 68% of cross-sectioned tubules
counted in several sections (142/210 of the tubule)). On the
contrary, only 2 out of the 18 wild-type control group showed
minor thinning in the epididymal tubules (4% and 7% of the
total cross-sectioned tubules, respectively). Because no
nuclear condensation was ever observed for the degenerating
cells, necrosis was likely the cause of degeneration as in the
case of Bmp7 and Bmp8 mutants (Zhao et al., 1998, 2001).
These results indicate that both BMP4 and the 60A class of
BMPs act to support the survival of the epididymal
epithelium, but their functions appear to be region specific.Discussion
Apparently, several closely related Bmp genes are
expressed in the testis and the epididymis of the mouse.
Hence, it is not surprising that inactivation of one or two of
them does not result in a complete loss of spermatogenesis.
Following Bmp8 genes, Bmp7 and Bmp4 are two additional
members found to be expressed in male germ cells.
Although Bmp8a and Bmp8b are closely related at several
levels (genomic DNA organization, linked on mouse
chromosome 4—about 150 kb apart, and homology
throughout the whole amino acid sequence), the identity at
amino acid level between BMP8A and BMP8B in the
functional mature domain is only about 75–78%. The same
is true between Bmp8 and Bmp7 genes. Therefore, such a
level of sequence identity is in agreement with the findings
that Bmp7 and Bmp8 genes have additive effects in
spermatogenesis and the epididymis as reported previously
(Zhao et al., 1998, 2001). These findings further support anotion that the 60A class of BMPs signal through similar
receptor complexes during spermatogenesis and in the
epididymis to exert their biological functions. Comparing
the sequences between the mature domains of BMP4 and
those of the 60A class, the identity drops to about 60%.
However, many studies using in vitro cell culture, bio-
chemical approaches, and overexpression in Xenopus
embryos were unable to distinguish functional differences
of the DPP and 60A classes under physiological conditions,
for which genetic approach has a unique advantage as
reported here.
Previous genetic and in vitro studies strongly indicate
that BMP2/4 and BMP8B signal through separate
receptor complexes and act synergistically to induce the
formation of primordial germ cells (PGCs) in the mouse
(Ying and Zhao, 2001; Ying et al., 2001). However,
during skeletal development, Bmp4 and Bmp7 appear to
have additive effects (Katagiri et al., 1998), suggesting
that the DPP and 60A classes of BMPs share common
receptor complexes. Therefore, the specificity of BMP
ligands to their putative receptor complexes seems
perplexing and might be cell type and even developmen-
tal stage dependent.
A recent report by Pellegrini et al. (2003) showed that
Bmp4 was only detected in isolated Sertoli cells from
postnatal days 4 and 7 testes, suggesting that Bmp4 would
only have a role in early postnatal testes. Such an
expression pattern is very different from what is reported
here that high levels of Bmp4 expression are detected in
pachytene spermatocytes and low levels in other cell types
including Sertoli cells. However, it is worth noting that
during the isolation processes, testicular cells are disso-
ciated and disconnected from their normal in vivo environ-
ment for an extended period of time. It will not be
surprising to see changes in gene expression in isolated
cells. On the other hand, in situ hybridization using
quickly fixed tissues does not allow significant changes
in gene expression to occur. Moreover, the plasmid used
for making the riboprobes against Bmp4 here had been
used and tested in numerous previous studies for its
specificity (Furuta and Hogan, 1998; Winnier et al., 1995;
Ying and Zhao, 2001; Ying et al., 2000). The fact that our
genetic data revealed a function for Bmp4 in the
maintenance of spermatogenesis and of epididymal integ-
rity in the adult mice rather than of the early postnatal
testes is consistent with its expression in the adult testes.
Furthermore, gene expression profiling studies using
Affymetrix chips and RNAs purified from freshly isolated
whole testes revealed robust Bmp4 expression at similar
levels in the testes of all stages (newborn to adult) by two
groups (Schultz et al., 2003; Shima et al., 2004), consistent
with the in situ hybridization and RT-PCR data reported
here.
The germ cell degeneration phenotypes of Bmp4+/
males and Bmp8 or Bmp7 mutant males are indistinguish-
able, rendering difficulty in differentiating the functions of
Fig. 6. Representative epididymal histology of Bmp4+/ mutants on a largely C57BL/6 background (N5–6 generation). (A) A low-power photomicrograph
showing normal histology of the distal caput of a 13-week-old wild-type control male. The epididymal tubule contains relatively condensed sperm. (B) A low-
power photomicrograph showing relatively normal histology of the distal caput of a 13-week-old Bmp4+/ mutant. (C) A low-power photomicrograph
showing normal morphology of the corpus of a wild-type male. (D) A low-power photomicrograph showing degeneration of epididymal tubules of a Bmp4+/
mutant (*). Comparing with the cross-sectioned tubules in C, numerous cross-sectioned tubules in D have thinner epithelium with sawtooth appearance. (E–F)
Representative high-power photomicrographs showing vacuoles within the epididymal tubules (arrowheads), indicative of cell death. After extensive
examination of the degenerating areas, no condensed nuclei were found, suggesting that necrosis was the possible cause of epididymal degeneration. This is
consistent with the earlier observations on Bmp8a/ or Bmp8a/;Bmp7+/ mutants. (G) A low-power photomicrograph showing normal histology of the
cauda of a wild-type control. (H) A low-power photomicrograph showing morphology of the cauda of a Bmp4+/ mutant. No obvious abnormality is
observed. Scale bar = 240 AM in A–D, G, and H; 60 AM in E and F.
J. Hu et al. / Developmental Biology 276 (2004) 158–171168the DPP and 60A class of BMPs in spermatogenesis. It is
obvious that the initial cell population disappearing in
these Bmp mutants are the meiotic cells while the
spermatogonia sitting on the basement membrane appear
relatively unaffected (Zhao et al., 1998, 2001; comparingFigs. 5F and G). Smad1 is expressed at high levels in
pachytene spermatocytes that are the first cell population
to be affected in all Bmp mutants so far examined,
indicating that these meiotic germ cells are competent to
receive BMP signals (Zhao and Hogan, 1997). However,
J. Hu et al. / Developmental Biology 276 (2004) 158–171 169whether BMP4 and the 60A class of BMPs utilize the
same or different receptor complexes present in these cells
awaits further investigation. In vitro studies, however,
suggest that BMP4 may also have effects on spermatogo-
nia by stimulating their proliferation and differentiation
rather than maintaining their stem cell property (Nagano et
al., 2003; Pellegrini et al., 2003), an effect opposite to
what have been observed for BMP4 in maintaining stem
cell property of embryonic stem cells and PGCs (Fujiwara
et al., 2001; Qi et al., 2004; Ying et al., 2003). Therefore,
in vivo studies are needed to further address the function
of BMP4 in spermatogonial stem cell self-renewal and
differentiation.
The regional differences of epididymal degeneration in
the mutants of the two classes of BMPs are interesting.
These results support a notion that the 60A class of BMPs
preferentially function in the distal caput and caudal regions
while BMP4 plays a major role in the corpus region, further
suggesting that these two classes of BMPs may act through
distinct receptor types in the epididymis. Degeneration of
the corpus region in Bmp4+/ mutants will undoubtedly
affect the normal function of the epididymis for its role in
sperm maturation and this may be partially responsible for
the observed defects in sperm motility. Although the
decrease in sperm motility of Bmp4+/ mutants on
C57BL/6 background is statistically significant, it represents
mild changes. It is worth noting that the epididymis defects
in Bmp4+/ mutants might be secondary to germ cell
degeneration. However, the fact that corpus degeneration
was not observed in Bmp8a/, Bmp8a+/;Bmp8b+/,
or Bmp7+/;Bmp8a/ mutants with severe testis degen-
eration does not support this notion (Zhao et al., 1996, 1998,
2001).
Another significant difference between the mutant
phenotypes of the 60A class and Bmp4 in the epididymis
is that granulomas were frequently observed in Bmp8a
and Bmp7 mutants, while in Bmp4 mutants this patho-
logical condition was never observed. Because granuloma
formation is inevitably followed by immunological
response due to the strong antigenicity of sperm and
seminal fluid, mutations affecting the 60A class of BMPs
are more detrimental to the mice. Therefore, for birth
control consideration, perturbing BMP4 signaling in the
corpus region may be a better choice than disrupting
BMP7 and BMP8A signaling in the cauda or distal caput
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